A B S T R A C T We have explored the relationship among immunoglobulin gene rearrangement, cytoplasmic immunoglobulin production, and cell surface antigen expression within 37 cases of acute lymphocytic leukemia. All 12 cases of the T cell type had germ-line K and X genes and 11 of 12 had germ-line heavy chain genes. In contrast, all 25 cases of the "non-T, non-B" classification, which lacked both definitive T cell markers and surface immunoglobulin, had rearranged immunoglobulin genes, indicating that they represent precursor cells already committed to the B cell lineage at the gene level. 14 had rearranged heavy chain genes, yet retained germ-line light chain genes, whereas 11 cases had both heavy and light chain gene reorganizations. All patterns of immunoglobulin gene rearrangement predicted by a model that proceeds from heavy chain gene recombination to light chain genes and from K to X within the light chain genes were observed. Despite the uniform presence of rearranged immunoglobulin genes, only five cases produced cytoplasmic IA-chain, one exceptional case produced 7-chain, and another produced only X-chain. The cases of B cell precursor type that do not produce immunoglobulin may represent cells that frequently possess ineffectively rearranged immunoglobulin genes. Included in this group may be a set of cells trapped within the B cell precursor series because their inefDr. LeBien is supported by grant CA-31685 and a New Investigator Award CA-28526 from the National Cancer Institute/National Institutes of Health.
Received for publication 12 August 1982 and in revised form 21 October 1982. fective rearrangements have eliminated certain gene subsegments necessary for the assemblage of an effective heavy chain gene. All seven cases of the non-T, non-B subgroup that bore HLA-DR but lacked CALLA (the common acute lymphocytic leukemia-associated antigen) represented the earliest recognizable stage of B cell precursors with rearranged heavy chain genes but germ-line light chain genes. Correlations here suggest that cells entering B cell development express HLA-DR and rearrange heavy chain genes before the expression of a B cell-associated antigen recognized by the antibody BA-1, the antigen CALLA, and any subsequent light chain gene rearrangements.
non-B ALL illustrated the usefulness of the immunoglobulin (Ig) gene arrangement patterns in classifying these controversial malignancies (8) . Such (DH) , and joining (JH) gene subsegments before cytoplasmic u-chain can be produced ( Fig. 1) (9-11) . Likewise, the light (L) chain genes must correspondingly recombine V,, and J. or Vv, and J,\ subsegments before their effective expression (12) (13) (14) (15) .
Recently, a number of monoclonal antibodies have been developed that recognize antigens that are primarily expressed on either T cells or B cells (4, (16) (17) (18) .
In the present study we compare the patterns of Ig gene recombination and cytoplasmic Ig production with the cell surface phenotype of 28 unselected fresh presentations of ALL in addition to nine well-characterized cell lines arising spontaneously from such ALL cases.
We demonstrate that all 25 cases of ALL without definite T cell surface markers were apparently committed to B cell development at the Ig gene level. Furthermore, all patterns of Ig gene rearrangements predicted by a model that proceeds from H chain gene recombination to the L chain genes and from K to X within the L chain genes were observed. Although B cell precursor ALL uniformly displayed rearranged H chain genes and often L chain genes, they usually failed to produce detectable cytoplasmic Ig. These observations may indicate that many of these leukemias represent monoclonal expansions of B cell precursors at stages in which they have frequently made ineffective, aberrant rearrangements of their Ig genes.
Overall, there was a very good correlation between the cell surface markers associated with B cells (especially HLA-DR and p30 as detected by BA-1) and the presence of rearranged Ig genes, as well as the presence of T cell-associated antigens (especially that detected by 3A-1) and the retention of germ-line Ig genes. Within the B cell precursor series there were seven cases of non-T, non-B ALL bearing HLA-DR antigen but lacking CALLA. This subset represents the earliest identifiable stage of B cell precursors, as the cells had H chain genes that were rearranged but L chain genes that remained germ line. These observations suggest a coordinate sequence of cell surface antigen expression and Ig gene recombination during early B cell differentiation. Tables I   and II. Monoclonal antibodies used here include the J-5 monoclonal that recognizes CALLA (22) , and the DA-2 antibody that detects a nonpolymorphic HLA-DR determinant (23) . The BA-1 monoclonal antibody identifies an antigen, p30,2 which is expressed on cells at multiple stages of B cell development (17) . The BA-2 monoclonal antibody identifies a 24,000-D, B cell-associated antigen (18) . The 3A-1 (16), OKT3, OKT4, OKT6, and OKT8 monoclonal antibodies (4) recognize T cell-associated cell surface antigens. The OKT9 monoclonal, which recognizes the transferrin receptor (24) , and the OKT1O antibody, which recognizes another nonlineage-dependent antigen, were also used (4) .
METHODS
Cytoplasmic Ig studies. The presence of cytoplasmic , 8, K, X, and in some instances a and C, was determined whenever possible. Approximately 40 X 106 of the fresh leukemic cells from a given case were washed free of residual plasma Ig by centrifugation through six 10-cm3 fetal calf serum (FCS) gradients. These cells were then incubated in the presence of 0.25% trypsin for 30 (28) . After washes at the appropriate stringency, the Ig gene configurations were visualized on autoradiograms (as seen in Fig. 2 B) . The human Ig gene probes used are shown in Fig. 2 Table I ). Of note, 4 of the 12 cases bore detectable amounts of CALLA, and one of these cells was positive for HLA-DR and reacted with the BA-1 antibody. Two cells also reacted with the BA-2 antibody (Table I) . Phenotypic markers of ALL: Non-T, Non-B cases. The remaining 20 fresh cases of ALL and five cell lines were felt to represent the non-T, non-B form of ALL as they all lacked SIg and distinguishing T cell markers such as rosette formation and reaction with the 3A-1, as well as OKT3, OKT4, OKT8, and OKT6 monoclonal antibodies. Of these, 18 bore CALLA, whereas all displayed HLA-DR molecules on their surface (Table II) . Of note was the reactivity with BA-1 in 20 of 24 cases tested and of BA-2 in 22 of 24. The vast majority displayed the transferrin receptor as detected by the OKT9 monoclonal and reacted with the OKT1O antibody (data not shown in Table II produce any detectable cytoplasmic y-chains (Table  II) , nor any a-, or t-chains (data not shown). In addition, no cases were observed in which both C,, regions had been deleted by switching, however, this is the most common finding in human mature B cell lines and leukemias that have switched to y-, a-, or E-chain production (unpublished observations). Thus, although H chain class switching might occasionally occur within B cell precursors, it is not a common event.
Of considerable interest, case 24 (Table II) did reproducibly demonstrate small amounts of cytoplasmic y-chain. This has been noted to occur infrequently in human ALL by Vogler et al. (30) and has also been seen within a subclone of an Abelson pre-B cell line in the mouse (31) . Provocatively, however, both Cl, genes were retained in a rearranged position in case 24 even though it produced y-chain and not M-chain. Thus, this case has switched production to a more 3'-located constant region (Ca) but did not appear to undergo the usual deletional loss of C,, genes seen in the classic H chain class switch. Of note, the Abelson pre-B cell subclone (81A-2), which produces y-chain, also has both C,, genes present (31 There were two cases that initially appeared to have germ-line H chain genes when examined with either the JH or the C,, probe against a BamHI digest (cases 7 and 11) (Fig. 2 B and (Table II) . This constellation of findings raises the possibility that an effectively recombined H chain gene producing detectable amounts of cytoplasmic ,u may not be a prerequisite for L chain gene rearrangements.
All four of the non-T, non-B cells with rearranged X genes (cases [22] [23] [24] [25] had no remaining germ-line K genes, having deleted them, similar to observations made on mature X-producing B cells (33) . The three cases (cases [15] [16] [17] with K genes present in a rearranged state retained their X genes in the germline configuration, similar to the findings in mature K-producing B cells (33) . An additional four cases (cases 18-21) had deleted their K genes but had not yet rearranged their X genes. Studies of short-and long-term X B cell lines suggest that these deletions of the K gene complex may be the frequent fate of aberrantly rearranged K genes (34) . Representative cells with a K rearrangement (case 15) and X gene rearrangements (case 25) are presented in Fig. 2 B. Of interest was the infrequent production of detectable L chains despite the recombination of these genes in 11 cases, some of which had undergone multiple reorganizations. One cell line (REH, case 25, Table II ) without detectable cytoplasmic H chain (no A-, Y-, a-, or e-chain were detectable) reproducibly showed cytoplasmic X-chain and even small amounts of secreted X-chain. Evidence from this leukemic cell suggests that productive X gene rearrangements can exist in the face of nonproductive H chain genes and would imply that there is no strict requirement for H chain to make L chain. The small amount of L chain produced does raise the possibility that some type of coordinate regulation of H and L chain synthesis might exist.
Correlation of surface antigen expression and Ig gene arrangement. Some rather striking correlations were noted when the cell surface phenotype and the Ig gene patterns of the 37 ALL cases were compared. The ALL cases bearing distinguishing T cell antigens usually retained all of their Ig genes (both H and L chain genes) in the germ-line configuration (Table I) . The single T cell case displaying a H chain gene rearrangement (case 12, CCRF HSB-2), although it displayed no B cell-associated antigens, demonstrated reactivity with only 3A-1 out of all the T cell markers examined. The rare recombination observed in this T cell is likely to be an aberrant event incapable of complete Ig chain production. This would indicate that the J.-C., J,\-C,\, and JH-CP, segments, and at least one DH gene family are not contributing genetic information to any antigen-specific receptor that these T cells might possess. Earlier cells within the T cell lineage, those lacking the SRBC receptor, are the subsets most difficult to assign a cellular origin. The 3A-1 antibody of Haynes et al. (16) appears to be quite valuable in this assignment as it recognized T cells with germ-line Ig genes but did not recognize any of the cases we would classify as B cell precursors (Tables I and II) .
Similarly, the antibodies of BA-1 and BA-2, although not solely restricted to the cells we would classify as B cell precursors, proved to be helpful when used together with T cell markers. Both BA-1 (20 of 24) and BA-2 (22 of 24) reacted with the vast majority of the B cell precursor leukemias showing Ig gene rearrangements (Table II) . In contrast, they were each reactive with only one and two, respectively, of the 12 T cell leukemias. CALLA was present on some early T cell subsets (four of 12 cases here, Table I ) and was not present upon the HLA-DR+ CALLA-subset of non-T ALL. We feel that the HLA-DR+, CALLA-group may represent the earliest stages of B cell development be- (Fig.  3 A) . Furthermore, of the 11 cases with L chain gene recombinations, seven displayed K gene reorganizations (rearrangements or deletions) while retaining germ-line X genes. In contrast, the four cases with X L chain gene recombinations had no remaining germline K genes. These patterns of gene arrangement support the hypothesis of a sequential order to Ig gene rearrangements within these B cell precursors in which H chain genes rearrange before L chains and K L chain genes rearrange before A L chain genes ( Fig. 3 ) (8, 33, 34) .
The presence of HLA-DR, but not CALLA in many of the cases that had rearranged H chain genes but retained germ-line L chain genes offers evidence that expression of HLA-DR may well precede CALLA during B lymphoid differentiation. In addition, of the B cell precursor ALLs examined, three of the four that lacked BA-1 antibody reactivity fell within the HLA-DR+ CALLA-subset. These findings suggest a coordinate sequence of Ig gene rearrangement and B cell surface antigen expression (Fig. 4) . By this proposal the earliest B cell precursors that initiate Ig gene rearrangements about the JH gene segments would bear surface HLA-DR, but later acquire the p30 surface antigen detected by BA-1 and the antigen CALLA (Fig. 4) . All II cases that had moved on to their L chain genes bore cell surface CALLA as well as HLA-DR and nine of 10 reacted with BA-1 (Table II) .
L chain gene configurations observed are predicted by a hierarchial model of L chain gene rearrangements. A model in which K gene rearrangements including those which are ineffective and thus fail to make detectable L chain, precede those of the A genes was first suggested by an examination of transformed B cells by Hieter et al. (33) . Supporting evidence for this apparent sequence was also found in normal mature B cells and in non-T, non-B leukemic cells (8, 34) . Such a postulate would predicate a series of intermediate patterns of L chain gene configurations within B cell precursors that are indeed observed in this study (Fig. 3 B) (Figs. 1 and 3 A) .
In addition to the blockade at the DNA level it is quite probable that transcriptional and/or translational regulatory events can affect the expression of rearranged Ig genes within some leukemic cells at this stage of B cell differentiation. We have seen a case with rearranged ,u and K genes lacking de novo Ig produce both cytoplasmic and ultimately surface IgM,, after induction with the phorbol ester, TPA (12-0-tetra-decanoylphorbol-13-acetate) (35) . In addition, Nadler et al. (36) have observed cytoplasmic un-chain after induction with TPA in some non-T ALL cases. The Ig genes in such a cell are almost certainly effectively rearranged but are not being expressed in their de novo state due to a regulatory event.
Cases of classic non-T, non-B ALL appear to be monoclonal expansions of B cell precursors representing serial stages of Ig gene rearrangement and surface antigen expression. The 
